The protective efficiency of oil coatings modified by a gun lubricant against copper corrosion in an atmosphere containing sulfur dioxide (up to 5 vol.%) has been studied. The influence of the oil nature, additive concentration, relative humidity (70-100%) and equilibrium SO 2 concentration in the air was investigated. The protective effect of the formulations is up to 90% under particularly corrosive conditions.
Introduction
Atmospheric corrosion of metals has been intensely studied by scientists for many decades. Its kinetics and mechanism as a function of many factors -metal nature, relative air humidity, nature and concentration of cathodic depolarizers (O 2 , SO 2 ) -have been considered and generalized in monographs [1, 2] . At the same time, this multifactor process is so complicated and the material, economic and ecologic damage caused by it is so considerable that its intense studies continue at present. It was noted already in [2] that SO 2 present in the air is an efficient promoter of metal atmospheric corrosion. Subsequently, this fact was confirmed many times and the synergetic effect of SO 2 and relative air humidity was shown [2] [3] [4] . It was shown that SO 2 was an efficient cathodic depolarizer [4] . Later the problems of SO 2 effect as a micro component of air stimulating the corrosion of ferrous and non-ferrous metals were broadly studied [5, 6] . In the initial approaches, the simplest correlation of metal losses (m) and SO 2 concentration was used [6] :
where A i are constants (here and below). Subsequently, more complicated relationships were obtained [7] : Here [Cl - ] is the rate of sedimentation of chloride ions in the salt composition, mg/(m 2 ·yr), and TVK is the composite climate index. A summary of analytic relationships of this kind is given in [6] . An expanded summary of analytic relationships for carbon steel, Cu, Al, and Zn, including information about similar equations developed in other countries based on data from 73 corrosion stations, is provided in [7] . A number of new results obtained in recent years was published in [8] [9] [10] . The data obtained indicate the necessity of efficient protection of metals against atmospheric corrosion. Some data of this kind characterizing the efficiency of protective coatings based on fresh and waste petroleum oils, individual alkanes, and waste products of vegetable oils production are generalized in [11, 12] . In [13] the efficiency of oil coatings based on colza oil containing emulgin as anticorrosion additive against carbon steel corrosion in air atmosphere with heightened SO 2 content is considered.
The aim of this manuscript is to present data on copper protection against corrosion in air containing SO 2 in the wide range of equilibrium concentrations of the latter.
Experimental
Corrosion tests were conducted in sealed desiccators with relative air humidity (H, %) caused by saturated salt solutions at 20°C: NH 4 Cl + KNO 3 (H = 71.2); NH 4 Cl (H = 79.5); ZnSO 4 ·7H 2 O (H = 90); H 2 O (100). Samples of M1 copper (99.94%) with 30×25×3 mm dimensions were polished, washed with acetone and weighed. Then they were immersed for 1-2 minutes in a preservative bath and were left in vertical suspended state for a day to let the excess protective formulation to flow down. The thickness of the protective film of the preservative material was estimated gravimetrically according to the formula:
where S is the visible sample surface; ∆m and ρ are the mass and specific density of the protective formulation, respectively. Protective formulations were prepared from industrial oil I-20A, filtered waste motor oil (FWMO), unrefined colza oil (CO), and diesel fuel (DF) containing up to 40 wt.% gun lubricant (GL) as a thickening agent and corrosion inhibitor. Filtered waste motor oil (FWMO) was obtained after addition of carbamide to waste motor oil and formation of a precipitate. The protective effect of preservative material coatings (Z, %) was calculated according to the formula: in the device shown in Figure 1 . Potentiostatic polarization measurements were conducted in a three-electrode cell (Pyrex) with divided anode and cathode spaces in 0.5 M NaCl solution with an Ag,AgCl saturated reference electrode and a Pt counter electrode. The potentials were brought to the standard hydrogen scale.
Electrochemical impedance spectroscopy measurements (Solartron 1250 FRA) were carried out in a frequency range of 10 kHz -50 mHz in a 0.5 M NaCl solution at the corrosion potential (E cor ). The results obtained were processed using a program allowing to make calculations for any equivalent circuits with up to 20 elements.
The equivalent circuits (EC) shown in Figures 2a and 2b were used as models for copper electrode impedance without a coating and with a coating, respectively, at E cor . In the circuit shown in Figure 2a , R s is the solution resistance, R a and R c are the charge transfer resistances in the anodic and cathodic reactions, respectively; and Z D is the generalized finite diffusion impedance of the depolarizer:
where
is the mass transfer resistance,  =  2 /D is the characteristic diffusion time,  is the diffusion layer thickness, D is the diffusion coefficient, C dl is the electrical double layer capacity, 0  р  1. The p ≠ 0.5 value is caused, for instance, by diffusion to an irregular surface [14] . In the circuit shown in Figure 2b , C f and R f are the capacity of the coating and the solution resistance in the coating pores, respectively. 
Results and discussion

Equilibrium SO 2 concentration in a corrosive medium
The equilibrium SO 2 concentration differs essentially from initial one ( Table 1 ). The SO 2 content in the air of a desiccator is determined by SO 2 solubility in the liquid phase and depends on the volume ratio of the gas (V gas ) and liquid (V liq ) phases, V gas /V liq . An increase in V gas at V liq = const promotes a decrease in the difference between the initial SO 2 concentration and the equilibrium one in the gas phase. 
Results of corrosion tests
Individual oils and their blends with gun lubricant the concentration of which does not exceed 7 wt.% increases the copper corrosion rate both in the absence ( Figure 3 ) and in the presence of SO 2 (Fig. 4 ). An increase in relative humidity stimulates copper corrosion ( Figure 4 ). The same effect is observed upon increasing SO 2 concentration ( Figure 5 ). In whole, gun lubricant is more perspective as an additive to colza oil and filtered waste motor oil with concentration equal to 40 wt. %, when Z of oil compositions reaches 92% and 86%, respectively (the equilibrium SO 2 concentration is 0.4 vol.%, H = 70%). 
Kinetics of electrode processes
It is known that the presence of SO 2 in gas phase increases the rate of the cathodic process to strongly than that of the anodic process [2] . At that the corrosion potential and corrosion rate increase. The solution pH simultaneously decreases to 3…4. However, according to [3] , the growth in hydrogen ion concentration in the presence of SO 2 does not change the cathode process kinetics, because the limiting cathodic current density on hydrogen ions i limit is essentially smaller than the observed cathodic current density i cath . 4.2·10 The presence of a thin oil formulation coating on copper increases E cor by 0.01-0.03 V (Figure 6) .
Injection of 1.1•10 -5 vol.% SO 2,eq increases the rate of both cathodic and anodic reactions independently on the support solvent nature (Figure 7) . A further increase in the equilibrium SO 2 concentration accelerates the cathodic process even more.
The anodic polarization curves are parallel ( Figure 7 ). This allows us to assume the absence of changes in the anodic process mechanism with an increase in C GL and 
Data of impedance spectroscopy
The use of impedance spectroscopy method to characterize the protective properties of oil based coatings is not too widespread, but, according to experimental data [15, 16] , is very informative. The Nyquist diagrams of copper electrode obtained at E cor are shown in Figures 8 and  9 . They are semicircles distorted in the low frequency region. In the presence of a coating the radius of the semicircle increases because of the charge transfer resistance increase, which is the more the higher C GL in the formulation (Figures 8 and 9) . The values of the elements of the equivalent circuits of Figure 1b are shown in Table 3 . The finite diffusion impedance of oxygen as a sole cathodic depolarizer exceeds the charge transfer resistance of anodic (R a ) and cathodic (R c ) reactions 6…12-fold and 95…140-fold, respectively (in the absence of SO 2 and protective coating). Thus, copper corrosion rate is controlled by diffusion of the cathodic depolarizer. The presence of an oil film without a filler increases the values of R D , R a and R c but almost does not change the R D /R i ratio. However, the charge transfer resistance in the anodic reaction is larger than R c by nearly one order of magnitude. Consequently, the barrier oil layer does not affect the cathodic reaction kinetics in the absence of SO 2 . A similar picture is observed for R a .
Incorporation of 7 wt.% gun lubricant to the oils decreases C dl . Increasing the C GL up to 40 wt.% does not change the observed picture qualitatively. In case of DF and FWMO, R D increases more essentially than R a and certainly R c ( Table 3 ). The results of impedance measurements confirm that the compositions based on FWMO are characterized by a better protective efficiency than those based on I-20A, because R a,FWMO > R a,I-20A and R D,FWMO > R D,I-20A . Thus, incorporation of gun lubricant increases the charge transfer resistance in the anodic reaction and R D of oxygen transfer (in the absence of SO 2 in the gas phase).
Conclusion
The preservative materials based on gun lubricant and colza oil and filtered waste motor oil are sufficiently efficient against copper corrosion under particularly severe conditions at high SO 2 concentrations. Under such conditions, oil composition coatings containing 40 wt.% gun lubricant decrease the copper corrosion rate 12…7-fold at protective film thicknesses of 260 μm (colza oil) … 550 μm (FWMO), respectively.
